The commercial exploitation of single-cell protein as a food or feed is a current aim of applied microbial technology (10) . The majority of current research is concentrated on the exploitation of processes utilizing bacteria capable of growth at the expense of methane or methanol and yeasts capable of growth at the expense of paraffins. An alternative technology based on methanol-utilizing lower fungi is worth serious consideration because fungi are, in principle, cheaper to harvest from spent medium than bacteria (3, 10) ; in addition, fungi in general contain a lower percentage of nucleic acid content than bacteria grown under similar conditions (9) , offering a possible solution to the potential problem of uric acid toxicity inherent in the use of bacteria as a food (10) .
The recent isolation, characterization, and identification of strains of mycelial lower fungi, Trichoderma lignorum (6), Gliocladium deliquescens (8) , and Paecilomyces varioti (8) , able to grow at the expense of C1 compounds as the sole source of carbon provides the foundation for the application of such a technology.
The present study was undertaken to provide data that quantified the growth of T. lignorum at the expense of methanol under various conditions in batch culture.
MATERIALS AND METHODS
Organism. The isolation and maintenance of the fungus were as described previously (6) .
Growth medium. The fungus was grown in a sterile liquid medium containing (per liter of distilled water): NH4NO3, 2.0 g; K2HPO4, 0.5 g; KH2PO4, 0.5 g; MgSO4-7H20, 0.1 g; CaCl2, 20 ,g; CuSO4 5H20, 20 ,ug; MnSO4 5H20, 20 ,g; and ZnSO4 7H20, 20
Ag. The medium was adjusted to pH 7.0. Subsequent to autoclaving, 1.58 g of the purest available grade of methanol (BDH Chemicals, Poole, Dorset, U.K.) was added per liter by means of a sterilized membrane filter (Millipore Corp., Bedford, Mass.) with a mean pore size of 0.8 ,m.
Fermentor. The fungus was batch grown in 15 liters of medium in a 20-liter culture vessel attached to a Biotec LP-100 control console (Biotec Ltd., London), allowing adjustments to the pH, temperature, rate of aeration, and speed of agitation of the culture. Except where otherwise stated, growth was at 23°C. The medium was agitated by a multiblade stirrer operated at 300 rpm and was oxygenated by forced aeration at a rate of 2 liters of air per min.
The disappearance of methanol under these culture conditions as a result of both growth and volatility was monitored by regular sampling and compensated for by subsequent supplementary additions of methanol.
The inoculum was a heavy suspension of fungal spores grown on methanol-agar plates.
Sampling of the liquid contents of the fermentor was by syringe through rubber-sealed ports in the base of the fermentor.
Estimation of cell yield. Cell yield (Ysub) was estimated on the basis of mycelial dry weight and was calculated as follows (12):
weight of substrate consumed (g) Estimation of specific growth rate. Specific growth rate was estimated as follows (5): Specific growth rate per hour = dbni( doubling time (h) Estimation of methanol. Methanol was estimated by gas-liquid chromatography. A Pye series 104 instrument was used; it was fitted with a glass column (5 feet [ca. 152 cm] by 6 mm) packed with Porapak Q (80/100 mesh) and with a flame ionization detector. Optimal operating conditions were: sample size, 5 ,ul; injection port temperature, 120°C; column temperature, 110°C; carrier gas (N2) flow rate, 40 cm3/min; detector oven temperature, 140°C.
Analysis of mycelium. The nitrogen content of the fungal mycelium was established by the Kjeldahl method (7).
Chemicals. All chemicals used were of the purest grade available.
Thin-layer chromatography. Samples of the growth medium were applied to thin-layer chromatography cellulose plates and developed by ascending chromatography. The following solvents were used: (A) ethanol-aqueous NH3 (specific gravity, 0.880)-water (20:1:4, by volume); (B) n-butanol-propionic acid-water (47:22:31, by volume). 2-Oxoacids were detected on chromatograms by spraying with 0.4% (wt/vol) 2,4-dinitrophenyl-hydrazine in 2 N HCl, followed by 2 N NaOH. Carboxylic acids were located on chromatograms by spraying with ethanolic 0.2% (wt/vol) bromocresol green adjusted to pH 7.0 with aqueous NH3 solution.
The identity of compounds was confirmed by cochromatography with authentic compounds.
RESULTS AND DISCUSSION Growth curve. When grown under optimum conditions, T. lignorum exhibited a lag phase of 10 to 12 h subsequent to inoculation. This was followed by a logarithmic growth phase with a mean generation time of 24 h (standard deviation, + 1.5 h). This is equivalent to a specific growth rate of 0.029 generation/h, which is in contrast to values of 0.198 to 0.277/h and 0.173 to 0.277/h for methanol-dependent growth of G. deliquescens and P. varioti, respectively (7). The culture usually entered stationary phase after about 168 h, at which point 0.115 mol of methanol per liter of medium (methanol added initially to the medium plus supplementary additions minus methanol remaining unmetabolized) had been deployed by the batch culture vessel, resulting in a final cell concentration of 0.31 g (dry weight) of mycelium per liter of medium. This is equivalent to the production of 2.7 g (dry weight) of mycelium per mol of methanol or 0.0845 g (dry weight) of mycelium per g of methanol, which represents a cell yield (Ysub) of 8 Methanol concentration. Preliminary results suggested that growth was directly influenced by the concentration of methanol initially present in the minimal medium. This effect was investigated more thoroughly to eliminate the possible influence of methanol disappearance from the culture vessel as a result of both growth and volatility; this was achieved by regular monitoring of the medium and appropriate additions to the growth medium of a requisite amount of sterile methanol by means of a peristaltic pump (LKB, Ltd., London). The results (Fig. 1 ) indicated that T. lignorum achieved optimum growth at the expense of a constant methanol concentration of 1.58 g/liter, as expressed both in terms of dry weight of mycelium and cell yield. A significant decrease in growth occurred when the constant methanol concentration was greater than 4.74 g/liter, which contrasts sharply with the growth characteristics of other methanol-metabolizing fungi (8) . The results with T. lignorum may reflect excess substrate inhibition of either methanol transport into the fungus or its subsequent metabolism. Similar excess methanol inhibition has been reported with the C1-metabolizing bacteria Pseudomonas PRL-W4 (2) and Pseudomonas AM1 (11) . Progressive methanol limitation occurred below 1.58 g of methanol per liter, which most probably re- Analyses of the growth medium indicated no significant accumulation of extracellular organic carbon during growth of the fungus at the expense of methanol concentrations up to 3.94 g/liter. There were, however, trace amounts of glutamic acid, citric acid, malic acid, 2-oxoglutaric acid, and pyruvic acid detected in the growth medium after approximately 120 h of T. lignorum growth on 3.94 g of methanol per liter.
Nitrogen concentration. Several alternative inorganic nitrogen sources (KNO3, NaNO3, NaNO2, and KNO2) were utilized less efficiently than NH4NO:, by T. lignorum. In all instances, maximum cell yield was less and only occurred at a considerably higher concentration of the inorganic nitrogen source than the 0.2 g/liter recorded with NH4NO3.
Effect of initial pH of the medium and subsequent growth-dependent changes. Optimal cell yield was recorded when the pH of the batch culture medium was pH 7.0 at the time of inoculation. The pH of the medium changed during the growth phase (Fig. 2) . The nature of this pH change in the medium may be due, in part, either to the accumulation in the growth medium of extracellular glutamic, citric, malic, 2-oxoglutaric, and pyruvic acids or to accumulation in the medium of endogenously produced CO2 or to uptake of NH4+ ions. Increasing the buffer capacity by two-and fourfold did not alter this phenomenon.
Trace element concentration. No significant effect on either the rate of growth or the cell yield was recorded as a result of the omission of Ca2+, Cu2+, Mn2+, and Zn2+ singly. However, simultaneous omission of all four trace elements decreased the cell yield by approximately 20%. A wide range of other metal ions 9 .Or including Fe2+ and Fe3+ at various concentrations failed to influence the cell yield of T. lignorum.
Effect of temperature. The optimum temperature of the medium for maximum cell yield was 23°C. This is low compared with the temperature used to grow other C,-metabolizing fungi (8) and many single-cell-protein-producing bacteria (4) , and necessitated the deployment of a cooling bath to facilitate heat exchange during active growth of the fungus on methanol. This feature of fungus growth on methanol may prove to be a substantial handicap to the successful development of a technology producing bulk quantities of fungal protein because the operation of cooling facilities would be a significant process cost.
The combination of the low cell yield, specific growth rate, and optimum growth temperature recorded for methanol-grown T. lignorum stresses the limited commercial potential of this fungus strain as a source of single-cell protein.
